Abstract. This paper compares the adhesion strength between three polymeric fibres (polypropylene (PP), nylon66 (N66) and polyacrylonitrile (PAN)) embedded in a cement paste. The specimens were prepared at a water to cement ratio (w/c) of 0.5, and tested after 7, 14 and 28 curing days. It was found that although the adhesion between the polymeric fibres to the cement matrix is an important factor, the energy absorption capacity or energy dissipation ability of the fibres plays a more important role in the improvement of the cementitious composites fracture toughness. Scanning electron micrographs was used to characterize the fibres surface before and after the Pullout tests.
Introduction
Cementitious composites have a high compressive strength but low tensile strength. The use of fibres is needed to overcome that disadvantage leading to a material with good compressive and tensile strengths but also with a long post-crack deformation (strain softening) [1] .
At first, asbestos fibers were used in industrial processes to produce fiber reinforced cement sheets [2, 3] . However, due to cancer health risks [4, 5] the Directive 83/477/EEC and amending Directives 91/382/EEC, 98/24/EC; 2003/18/EC and 2007/30/EC forbid the production of cementitious products based on fiber silicates (asbestos). Mineral fibers are now being replaced by synthetic fibers like polyvinyl alcohol (PVA) and polypropylene to produce fiber-cement products using the Hatscheck process [6] .
The performance of cementitious composites depends on the type of fibres, their properties, fibre surface and cross section and the properties of the matrix, and fibre/matrix interface [7] .
Also the adhesion strength between the fibres and the cement matrix is a crucial aspect governing the performance of cementitious composites. The adhesion strength is usually evaluated by the Pull-out tests [8] .
The relationship between the Pull-out load and the displacement of the fibre, when it is pulled out from the cement matrix serves as an important parameter in the design of cement composite materials. The fibre/matrix adhesion is ruled by mechanical anchorage and by friction, depending on the chemical and mechanical properties of both phases [9] .
Many investigations have been conducted on the evaluation of adhesion between fibres and the cement matrix [10] [11] [12] . The importance of the interaction between the fibres and the cement matrix has been found to be a critical parameter in the composite performance, which led to interface modification techniques to achieve the desired properties [13] [14] [15] [16] .
Fibre to cement matrix adhesion allows stress transfer between them. Thereafter, fibre Pull-out behavior is contributed to energy absorption ability of fibers in cementitious composites. Regarding the importance of this behavior in composite materials, fibre/cement interface has been studied [17] [18] [19] [20] .
The improvement of cement composite toughness is a critical factor, which corresponds to the changes in the propagation of micro-cracks into major fractures by energy absorption during the bridging actions of reinforcing fibres at crack tip [21] .
The aim of the present work is to characterize the adhesion characteristics of three polymeric fibers (polypropylene, nylon66 and polyacrylonitile) to the cement matrix.
Experimental
Materials. The cement used in this study was ordinary Portland type II. Three types of polymeric fibres (polypropylene, nylon66 and polyacrylonitrile) were used. Physical properties of the fibres are shown in Table 1 . The specimens were prepared using a cement paste with a water to cement ratio (w/c) of 0.5. The embedded length of all fibers was 10mm. After demoulding, specimens were subjected to a humidity chamber at temperature of 23 ± 2°C and 100 -5% of relative humidity. The Pull-out tests were carried out on the specimens after 7, 14 and 28 curing days.
Pull-out Test. The pull-out tests were carried out by an INSTRON testing machine (Tinius Olsen) at the crosshead rate of 0.02 mm/s. The free length of the single fiber was 10mm.
Microstructure Study. The Pulled-out fibers from the cement matrix were also characterized using the SEM analysis.
Results and Discussion
Pull-out Results. N66 Fibres. The pull-out behavior of N66 fibres from the cement paste at 7, 14 and 28 days of curing is illustrated by stress-displacement curves in Fig. 2 . The slip-stick behavior of pull-out curves for 7 and 14 days of the cured specimens indicates the mechanical interactions between fibres and surrounding matrix. The results represent that there was no significant difference between the Pull-out of 7 and 14 days cured specimens. The figure shows that PP fibre have been pulled-out without failure in 7 and 14 days cured specimens, but in 28 days, fibre rupture occurred before complete Pull-out took place. In case of 28 days cured specimens, the Pull-out force increases to a certain value and then suddenly drops down to zero. This can be due to the adhesion strength between PP fiber and cement matrix that is increased until it gets close to the fibre strength and after that the fibre is fractured during Pull-out.
PAN Fibres. Fig. 4 represents the Pull-out behavior of PAN fibres from the cement paste after 7, 14 and 28 days of curing. The Pull-out specimens of 7 and 14 cured days were pulled-out completely through cement matrix. Similar to the PP and PAN fibres were the rupture occurred during the pullout. Which is due to low tensile strength and also good adhesion of the PAN fibers to the cement paste.
Fig. 4. Pullout curve of polyacrylonitrile specimens for different curing periods
By consideration the pull-out curves in Fig. 5 , it is evident that only N66 fibres were entirely pulled-out from the cement matrix without any breakage and other fibers are ruptured during pullout. It can be seen that PAN fibers show much higher pull-out strength in comparison to PP and N66 fibers. It is rater obvious that N66 fibres, despite of excellent pull-out behavior, showed the weakest interfacial adhesion properties. Since the area under pull-out curves is considered the energy absorption capacity of fibres. It follows that N66 fibres show more energy absorption behavior than the other fibres. Other authors [22] show that fibres which have a high adhesion to a cementitious matrix (e.g. PVA fiber) ruptured during pulling-out. Then the tensile strain capacity of cementitious matrix reinforced by this type of fibre was limited.
Microstructure Analysis
Scanning Electron Microscopy (SEM). The surfaces of the pulled-out fibres were examined using SEM. Also, fibre surface were observed before the pull-out test for comparison. The observed valley along the longitudinal direction of the PAN fibre is related to the bean shape of its cross section ( Fig. 5.a) . Figure 5 .b shows the adhered cement hydrates on the pulled-out PAN fibre surface. This reveals the chemical adhesion between the cement matrix and PAN fibers. Due to the affinity of hydrophilic PAN fibres to the cement matrix, chemical interactions will be expected. Because of the excellent adhesion between these materials, cement hydration products nucleated and grown on the surface of PAN fibre. Surface images of PP fibre before and after pull-out test are shown in Fig.  20 . The textures observed on fibre surface (Fig. 6 .a) are related to the fibre spinning process. By considering fibres images after the pull-out tests, mechanical damages were observed (Fig. 6.b) . Figure 6 . SEM micrographs of PP fibre, (a) Before embedment, (b) after pulled-out from the cement matrix.
The image confirms the lack of chemical adhesion between the fibre and the cement matrix. The deep scratched areas on the fibre surface are attributed to the mechanical interlocking of large crystals of CH and PP fibre surface. These crystals resist against the pull-out of PP fibres and cause the plastic deformations on the fibre surface. Due to the hydrophobic nature of PP fibres, water bleeding occurs around the fibres. The N66 fibers were characterized using SEM analysis (Fig. 7) . Fig. 7 .b clearly indicates the cement particles adhered to the fibre surface. The shape of the adhered crystals confirms that cement hydration products are nucleated and grown on the N66 fibre surface. Microscopic analysis also demonstrates that the surface of N66 fibres has not been deformed like PP fibres which is due to their higher tenacity.
Conclusions
The present investigation showed that pull-out behavior of all tested fibres were almost the same for 7 and 14 days cured specimens. Furthermore, it was found an increase in pull-out load for all tested fibres for 28 days cured specimens. Results showed that only N66 fibres can undergo pull-out load and draw out completely from matrix without rupture due to its high tenacity. Although PAN and PP fibres showed higher adhesion strength than N66 fibres, they ruptured at the maximum sustained load due to weak tensile strength with respect to their adhesion to the cement matrix. In spite of the lack of chemical adhesion between PP fibres and cement matrix, it showed better adhesion due to the mechanical interlocking and friction to the matrix. Results also show that N66 fibre in spite of a weaker adhesion to cement matrix in comparison to PP and PAN fibres showed higher energy absorption capacity and toughness during the pulling-out test.
